Dupuis JP, Bazelot M, Barbara GS, Paute S, Gauthier M, RaymondDelpech V. Homomeric RDL and heteromeric RDL/LCCH3 GABA receptors in the honeybee antennal lobes: two candidates for inhibitory transmission in olfactory processing. J Neurophysiol 103: 458-468, 2010. First published November 11, 2009 doi:10.1152/jn.00798.2009. ␥-Aminobutyric acid (GABA)-gated chloride channel receptors are abundant in the CNS, where their physiological role is to mediate fast inhibitory neurotransmission. In insects, this inhibitory transmission plays a crucial role in olfactory information processing. In an effort to understand the nature and properties of the ionotropic receptors involved in these processes in the honeybee Apis mellifera, we performed a pharmacological and molecular characterization of GABA-gated channels in the primary olfactory neuropile of the honeybee brainthe antennal lobe (AL)-using whole cell patch-clamp recordings coupled with single-cell RT-PCR. Application of GABA onto AL cells at Ϫ110 mV elicited fast inward currents, demonstrating the existence of ionotropic GABA-gated chloride channels. Molecular analysis of the GABA-responding cells revealed that both subunits RDL and LCCH3 were expressed out of the three orthologs of Drosophila melanogaster GABA-receptor subunits encoded within the honeybee genome (RDL, resistant to dieldrin; GRD, GABA/ glycine-like receptor of Drosophila; LCCH3, ligand-gated chloride channel homologue 3), opening the door to possible homo-and/or heteromeric associations. The resulting receptors were activated by insect GABA-receptor agonists muscimol and CACA and blocked by antagonists fipronil, dieldrin, and picrotoxin, but not bicuculline, displaying a typical RDL-like pharmacology. Interestingly, increasing the intracellular calcium concentration potentiated GABA-elicited currents, suggesting a modulating effect of calcium on GABA receptors possibly through phosphorylation processes that remain to be determined. These results indicate that adult honeybee AL cells express typical RDL-like GABA receptors whose properties support a major role in synaptic inhibitory transmission during olfactory information processing.
I N T R O D U C T I O N
␥-Aminobutyric acid (GABA)-gated chloride channel receptors are abundant in CNS of both vertebrates and invertebrates, where their physiological role is to mediate fast inhibitory neurotransmission. Native neuronal ionotropic chlorideselective GABA receptors have been studied in several insect species such as fruitfly (Lee et al. 2003; Su and O'Dowd 2003) , cockroach (Alix et al. 2002; Ihara et al. 2005; Le Corronc and Hue 1999; Zhao et al. 2003) , cricket (Cayre et al. 1999) , sphinx moth (Sattelle et al. 2003) , and honeybee (Barbara et al. 2005; Grünewald and Wersing 2008) . Electrophysiological techniques and radioligand-binding assays have been used to compare the pharmacological profile of insect and vertebrate ionotropic GABA receptors, demonstrating that insect GABA receptors differ pharmacologically from their vertebrate counterparts (for review see . This previous point is crucial because insect GABA-gated chloride channels are the main targets of several classes of insecticidally active compounds including fipronil, picrotoxin, and dieldrin (Bloomquist 2003; Narahashi 2007; Raymond and Sattelle 2002; Raymond-Delpech et al. 2005) . From a molecular perspective, these GABA receptors belong to the dicysteine-loop ("cys-loop") superfamily of ligand-gated ion channels (LGICs), including both cation-permeable and anion-permeable channels (Raymond and Sattelle 2002) . So far, the complete insect cys-loop LGIC superfamily has been described in Drosophila (Dent 2006) , honeybee (Jones and Sattelle 2006) , and red flour beetle (Jones and Sattelle 2007) . The red flour beetle cys-loop LGIC superfamily is the largest known to date, with 24 candidates, since Drosophila and honeybee possess respectively 23 and 21 candidate subunits in their genome. Among these 21 members, the honeybee genome contains orthologs of the three known Drosophila GABA-gated ion channel subunits named RDL (resistant to dieldrin), GRD (GABA and glycine-like receptor of Drosophila), and LCCH3 (ligand-gated chloride channel homologue 3) (Jones and Sattelle 2006) .
Ionotropic GABA receptors are formed by the oligomerization of five subunits to form a central pore. Each subunit possesses a long, extracellular amino-terminal domain followed by four transmembrane regions (M1-M4) and a large cytoplasmic loop between M3 and M4. This cytoplasmic loop possesses several phosphorylation sites that could be involved in receptor modulation since GABA receptors from cockroach dorsal unpaired median (DUM) neurons and pupal honeybee mushroom body Kenyon cells have previously been reported to be positively regulated through calcium-dependent phosphorylation processes (Alix et al. 2002; Grünewald and Wersing 2008) .
In the honeybee, GABA immunoreactivity is widely distributed in the brain and particularly in neurons from structures involved in learning and memory processes, such as antennal lobes (ALs) and mushroom bodies (MBs) (Bicker 1999 ). The AL neurons-i.e., local interneurons and projection neuronsreceive the olfactory information from the olfactory sensory neurons located in the antennae (Kelber et al. 2006) . The three classes of neurons interact within the glomeruli constituting the AL external layout. Local interneurons branch exclusively within the AL, whereas projection neurons transmit processed information to higher-order brain centers, the MBs and the lateral protocerebral lobe (Brandt et al. 2005) . The AL is then the primary olfactory neuropile of the brain, in which olfactory information is processed in a complex spatiotemporal pattern. The processing of olfactory information, for which one of the features is the oscillatory synchronization, can be disrupted by application of picrotoxin (PTX) (Stopfer et al. 1997) . Moreover, application of PTX to the honeybee AL abolishes the glomerular code for odor representation (Sachse and Galizia 2002) . All these data show that fast inhibitory synaptic transmission plays an important role in odor coding. However, application of PTX does not completely inhibit the odor response in bees, suggesting that at least two inhibitory networks could exist (Sachse and Galizia 2002) , one of which would be PTX sensitive and the other PTX insensitive. Because PTX acts on various chloride channels, it is difficult to determine whether these two networks are GABAergic or whether several neurotransmitters are involved. Using immunocytochemical techniques, in addition to GABA other neurotransmitters such as acetylcholine, glutamate (for review see Bicker 1999) , and histamine (Bornhauser and Meyer 1997) were identified in the ALs. Several lines of evidence indicate that not only GABA but also glutamate (Barbara et al. 2005; El Hassani et al. 2008) and histamine (Sachse et al. 2006) can act as an inhibitory neurotransmitter in the honeybee brain.
The purpose of the present study was to determine whether different pharmacological types of GABA-gated chloride channels coexist on the adult AL cells. Combining electrophysiological and molecular approaches, we established that adult AL cells exhibit typical insect RDL-like GABA-gated ionotropic receptors that were modulated by intracellular calcium. However, molecular evidence of the coexpression in AL cells of RDL and LCCH3 subunits leaves the door open to the possible existence of minority heteromeric GABA receptors, which could constitute an alternative PTX-insensitive inhibitory network.
M E T H O D S

Animal handling and cell preparation
Honeybees (Apis mellifera) were housed in a heated hut outside the laboratory. Animal handling and experiments fully conformed to French regulations. Adult honeybees were captured at the top of the hive and anesthetized by cooling at 4°C. Antennal lobes were dissected and AL cells-i.e., local interneurons and projection neurons-were cultured following a modified version of a protocol originally developed by Kreissl and Bicker (1992) . The head capsule was removed in Leibovitz L15 medium without L-glutamine (Lonza, Verviers, Belgium) supplemented with 123 mM sucrose, 22.2 mM glucose, 13.9 mM fructose, 28.7 mM proline, 0.1 g/L streptomycin, and 0.2 unit/L penicillin (pH 7.2; all chemicals from Sigma, St. Louis, MO, unless otherwise stated). Head glands were removed and the ALs were dissected out of the brains. All preparations were made under semisterile conditions (i.e., all preparation equipment was sterilized with 70% ethanol and all solutions were filtered). ALs were incubated 45 min at 30°C in a dissociation saline (1ϫ cell dissociation solution, nonenzymatic; Sigma) supplemented with protease (type IX from Bacillus polymyxa) and collagenase (type I from Clostridium histolyticum), 1 g/L each. ALs were then transferred in supplemented L15 medium and mechanically dissociated by gentle trituration. Aliquots equivalent to 2 ALs were then plated on poly-L-lysinecoated glass coverslips (0.1 g/L poly-L-lysine, MW 150 -300 kDa, pH 8.5) contained in culture dishes. Cells were allowed to settle and adhere to the substrate for 2 h at 26°C in an incubator at high humidity. The dishes were then filled with 3 mL of culture medium composed of 13% (vol/vol) heat-inactivated fetal calf serum (Lonza), 1.3% (vol/vol) yeast extract ultrafiltrate 50ϫ (Sigma), 19.1 mM glucose, 11.9 mM fructose, 24.7 mM proline, 125 mM sucrose, 2 mM L-glutamine, and 50 g/mL gentamicin, completed with L15 medium without L-glutamine (Lonza), adjusted to pH 6.7 with NaOH. Cells were kept at 26°C in an incubator before use for electrophysiological measurements.
Electrophysiology
Whole cell patch-clamp recordings were performed at room temperature between 24 and 72 h after cell preparation as previously described (Hamill et al. 1981) . Patch pipettes were pulled from borosilicate glass capillaries (OD 1.5 mm; ID 0.86 mm; Harvard Apparatus, Les Ulis, France) with a vertical puller (PP-850; Narishige Scientific Instrument Laboratory, Tokyo) and had tip resistances between 5 and 10 M⍀. Pipettes contained (in mM): 18.4 KCl, 88.6 K-gluconate, 40 KF, 3 Na 2 ATP, 3 MgCl 2 , 10 HEPES, 120 sucrose, 3 glutathion, 0.1 Na 2 GTP, 1 CaCl 2 , and 10 EGTA (pH 6.7). Glass coverslips containing the attached cells were placed in a perfusion chamber (RC-25F; Harvard Apparatus). Cells were bathed in a standard external saline containing (in mM) 130 NaCl, 6 KCl, 4 MgCl 2 , 5 CaCl 2 , 10 HEPES, 25 glucose, and 185 sucrose (pH 6.7). In the experiments designed to assess participation of GABA B metabotropic receptors in GABA-induced currents, this external saline was supplemented with 10 M of the GABA B antagonist [S-(R*,R*)]-[3- [[1-(3,4-dichlorophenyl) ethyl]amino]-2-hydroxypropyl] (cyclohexyl methyl) phosphinic acid hydrochloride (CGP54626; Tocris Cookson, Ellisville, MO). Drugs were added as specified. Application of various solutions to the cells was performed using a perfusion fast-step system (SF-77B; Harvard Apparatus), enabling a fast solution exchange (Ͻ100 ms). Agonists were applied for 2 s, with an interval of 25 s to avoid any cumulative receptor desensitization. The membrane potential was held at Ϫ110 mV during all experiments except ion permeability determination. Recordings were performed using an Axopatch 200B amplifier (Axon Instruments, Union City, CA) connected to a Digidata 1440A (Axon Instruments) for data digitization. Data acquisition and analysis were carried out with pClamp10 (Axon Instruments). Currents were low-pass filtered at 1 kHz and sampled at 2 kHz.
Concentration-response curves
Concentration-response curves were determined for GABA-receptor agonists and antagonists. The agonists applied were GABA, muscimol, and 4-amino-cis-butenoic acid (CACA). All of them were dissolved in standard external saline. For concentration-response curve determination, agonists were applied for 2 s at various concentrations in alternation to a reference pulse (1 mM GABA), always in an increasing concentration order. To compare amplitudes, currents measured in the presence of agonists (I) were normalized to the currents elicited by the reference GABA concentration (I max , 1 mM GABA).
The antagonists applied were PTX, dieldrin, fipronil (FIP), and bicuculline. All of them were dissolved in DMSO (final concentration in standard external saline Ͻ0.1%, vol/vol) except for bicuculline, which was dissolved in the external saline. At least two pulses of GABA were performed prior to antagonist application. To obtain inhibition curves, antagonists were applied at various concentrations in an increasing order. Antagonists were applied 30 s (time necessary for maximum inhibition) before reference GABA concentration ap-plication (100 M GABA). Cells were then washed out with standard external saline and GABA was repeatedly applied until full-amplitude currents were recovered. Subsequently, only if GABA-induced currents fully recovered could further antagonist concentrations be tested. With respect to agonists, peak amplitudes were normalized (I/I max ) to the current elicited by 100 M GABA before antagonist application.
For both agonists and antagonists, nonlinear curve fittings were performed with GraphPad Prism Software (GraphPad Software, La Jolla, CA) using the following Hill equation
where X is the logarithm of the compound concentration, ⌿ is the normalized response, I max and I min are the maximum and minimum normalized responses, respectively, EC 50 is the concentration giving half-maximal normalized response, and n H is the Hill coefficient.
Results are displayed as means Ϯ SE. Error bars in figures represent SE and are shown only if values are greater than the symbols.
Reversal potential determination
The reversal potential for GABA-induced currents was determined by measuring the current amplitudes elicited by 1 mM GABA application at various command potential steps between Ϫ110 and ϩ40 mV (10 mV-step increment). For these experiments, both the standard external saline and an isotonic chloride external saline, in which chloride was partially removed by replacing NaCl by Na-D-gluconate (130 mM), were used. The reversal potentials were estimated using a linear regression method fitting data near the zero crossing.
Three different internal salines were generated to evaluate the influence of calcium on the reversal potential: a "high-calcium" internal saline containing 1 mM Ca 2ϩ [(in mM): 18.4 KCl, 88.6 K-gluconate, 40 KF, 3 Na 2 ATP, 3 MgCl 2 , 10 HEPES, 120 sucrose, 3 glutathion, 0.1 Na 2 GTP, 1 CaCl 2 , and 10 EGTA (pH 6.7); free intracellular calcium ion concentration ([Ca 2ϩ ] i ) ϭ 155 nM]; a "medium-calcium" internal saline containing 0.5 mM Ca 2ϩ (same composition, except CaCl 2 was decreased to 0.5 mM; free [Ca 2ϩ ] i ϭ 73.5 nM); and a "low-calcium" internal saline containing 0.2 mM Ca 2ϩ (same composition, except CaCl 2 was decreased to 0.2 mM; free [Ca 2ϩ ] i ϭ 28.5 nM). Free intracellular calcium concentrations were estimated using Maxchelator Ca-EGTA Calculator v1.2 (http://maxchelator.stanford.edu/). The reversal potential was calculated for each cell and averaged between cells.
Data analysis and statistics
Currents were low-pass filtered at 100 Hz (Gaussian-type filter) after acquisition whenever appropriate. Data analysis was performed using Clampfit 10.1 (pClamp 10; Axon Instruments). The relative mean peak amplitude of each agonist-induced current was calculated by normalization to the current induced by the application of either 1 mM or 100 M GABA. SE values are given throughout the text. The time constant of current desensitization was determined using JClamp 32 for Windows (version 12.5.0; J. Santos-Sacchi, SciSoft, New Haven, CT). Drug affinities and current amplitudes were compared using either a t-test, a one-way ANOVA with a Tukey post hoc test, or a Wilcoxon test, depending on the number of groups considered. Reversibility of the antagonists was assessed through comparison of the GABA-induced currents before and after the antagonist application using a Wilcoxon test. The correlation between [Ca 2ϩ ] i and GABA-induced current amplitudes was assessed using a Spearman test. Statistical analyses were performed with Statistica 5.5 (Statsoft, Tulsa, OK).
Single-cell RT-PCR
Single-cell reverse transcription polymerase chain reaction (RT-PCR) was performed following electrophysiological recordings mainly as previously described (Lambolez et al. 1992) . Patch pipettes were filled with 8 L of DEPC-treated RT-PCR internal solution (140 mM KCl, 3 mM MgCl 2 , 5 mM EGTA, 10 mM HEPES). After whole cell patch-clamp recording, the cytoplasm of cells displaying GABA-induced currents was aspirated into the patch pipette. The pipette was removed from the bath and the cytoplasm was expelled in a PCR tube kept on ice and immediately frozen at Ϫ20°C. Unpatched filled pipettes immersed in the cell bath were used as a control (part of the cell bath was aspirated in the pipette before the RT-PCR reaction was performed). At the end of the patch-clamp experiment, RT reactions were performed following the RevertAid H minus First Strand cDNA Synthesis Kit (Fermentas Life Sciences, Burlington, ON, Canada) instructions. After a 5-min step at 25°C allowing random hexamer primers and RNAs to hybridate, the samples were incubated 1 h at 42°C. A final 5-min step at 70°C was performed to stop the RT reaction.
The RT reaction products (cDNAs) were then used as templates for a first step of PCR amplification. cDNA aliquots (8 L) were added to a PCR mix to give the following final concentrations: 1ϫ DreamTaq PCR buffer, 50 M dNTPs, and 5 U/50 L of DreamTaq Polymerase (Fermentas Life Sciences). This mix was incubated 1 min at 94°C before addition of 100 nM of each primer to prevent aspecific reactions. A 10-min step at 94°C allowed the denaturation of newly synthesized RNA/DNA duplex. The samples were then submitted to 35 cycles of amplification (30 s at 94°C, 30 s at 56°C, 1 min 30 at 72°C), followed by a single extension step of 10 min at 72°C (Flexigene thermal cycler; Techne, Burlington, NJ).
Aliquots (2 L) of these first-step multiplex PCRs were then used as templates for a second step of nested PCR amplification. For this step, new couples of primers matching inner sequences of the firststep PCR products were designed. This second run was performed essentially like the first one, except that one pair of primers only (1 M of each primer) was added per PCR. After this second PCR, 10 L of each sample was run on a 1% agarose gel and all RT-PCR products were sequenced to confirm their identity (MilleGen, Labège, France). All primers used were previously described (Jones and Sattelle 2006 ) except for actin. Primer sequences are given in Table 1 .
R E S U L T S
Evidence of GABA-gated receptors on adult honeybee antennal lobe cells
Whole cell patch-clamp experiments were performed on cultured AL cells from adult honeybee brains. Most of the recorded cells (259 of 291) responded with a fast inward current to the application of 100 M or 1 mM GABA at a 
holding potential of Ϫ110 mV (Fig. 1A) , pointing out the presence of GABA-activated receptors in the AL neurons. The peak amplitude of the maximum GABA-induced currents ranged between Ϫ3.7 and Ϫ883.8 pA, with a mean peak amplitude of Ϫ74.4 Ϯ 22.4 pA (n ϭ 291). Receptor desensitization was assessed through sustained application of 100 M GABA (20 s): the decay phases of the GABA currents could be fitted with a single-exponential function, yielding a time constant of 2.6 Ϯ 0.3 s (n ϭ 5, Fig. 1C ). GABA-induced currents increased in a concentration-dependent manner: the concentration-response curve for GABA yielded an EC 50 of 12.3 Ϯ 0.33 M (n H ϭ 0.76, Fig. 1B ). Participation of GABA B metabotropic receptors in GABA-induced currents was assessed by supplementing the external saline with the GABA B antagonist CGP54626 (10 M). The mean peak current amplitudes elicited by the application of 1 mM GABA in both the presence and the absence of CGP54626 were Ϫ136.4 Ϯ 14 pA (n ϭ 12) and Ϫ134.1 Ϯ 26 pA (n ϭ 8), respectively, showing no significant difference ( Fig. 1D , P ϭ 0.77043, t ϭ 0.29715). This result rules out the participation of GABA B metabotropic receptors in the GABA-induced currents observed.
To better understand the nature of the GABA-gated receptors observed, we combined single-cell RT-PCR analysis with patch-clamp experiments, following a procedure that allows the simultaneous characterization of the expression of several markers on a single cell (Lambolez et al. 1992) . We were able to record from 10 cells and apply RT-PCR, all of which were successful, as attested by the amplification of our control marker actin. Using RT-PCR, we also amplified brain tissue transcripts (2 g) as a control.
Three genes in the honeybee genome (Honeybee Genome Sequencing Consortium 2006) are known to code for potential GABA-gated receptor subunits: Rdl (resistant to dieldrin), Grd (glycine receptor), and Lcch3 (ligand-gated chloride channel homologue 3). Therefore subunit-specific primers were designed to determine the expression of their corresponding transcripts (Table 1) . RDL, GRD, and LCCH3 mRNA expression was detected in brain tissue, which served as a positive control, confirming that all three GABA-receptor subunits are expressed in the honeybee brain (Fig. 2) . However, expressions of only RDL and LCCH3 mRNA were detected in all AL neurons tested after electrophysiological characterization (Fig.  2) . This result raises the hypothesis that AL neurons might contain both homo-and/or heteromeric RDL/LCCH3 GABAgated receptors. 
Pharmacology of the GABA-gated receptors
A pharmacological approach was adopted in an attempt to distinguish between the hypothetical different types of GABAgated receptors present in the AL cells, based on the expression profiles obtained in single-cell RT-PCR. With respect to GABA, application of the vertebrate GABA-receptor agonists muscimol and CACA onto AL cells also elicited inward currents at a holding potential of Ϫ110 mV (Fig. 3A) . CACA (1 mM) induced small inward currents ranging between Ϫ17 and Ϫ48 pA, with a mean peak amplitude of Ϫ35 Ϯ 5 pA (n ϭ 5), whereas muscimol (1 mM) induced currents ranging between Ϫ17.4 and Ϫ238 pA, with a mean peak amplitude of Ϫ113.1 Ϯ 30 pA (n ϭ 9). EC 50 and Hill coefficients were estimated from concentration-response curves (Fig. 3A) and gave the following ranking orders: GABA (12.3 Ϯ 0.33 M, n H ϭ 0.76) Ն muscimol (25.7 Ϯ 1.1 M, n H ϭ 0.93) Ͼ CACA (411 Ϯ 28 M, n H ϭ 4.76) (GABA vs. muscimol, P ϭ 0.86192; GABA vs. CACA, P ϭ 0.00046; muscimol vs. CACA, P ϭ 0.00065). Muscimol and CACA are only partial agonists of GABA receptors on AL cells since their efficacy to elicit inward currents was lower than that of GABA (Fig. 3B) . At concentrations of 1 mM, for which both muscimol and CACA induced maximum currents, muscimol induced 83 Ϯ 2.7% (n ϭ 9) and CACA 58 Ϯ 6% (n ϭ 5) of the maximum GABA-induced currents. The mean peak currents of the maximum agonist-induced currents are summarized in Table 2 .
The GABA-induced currents (100 M GABA) were blocked by application of PTX, dieldrin, and fipronil (Fig. 4) . At the highest concentration tested, both dieldrin and fipronil completely blocked GABA-induced currents, whereas PTX triggered partial blockade only. At lower concentrations, a concentration-dependent reduction of the GABA-induced currents was observed. IC 50 (the concentration giving half the maximum normalized inhibition) and Hill coefficients were estimated from inhibition curves (Fig. 4) . IC 50 comparison gives the following inhibition ranking order: fipronil (823 Ϯ 19 nM) Ն dieldrin (7.1 Ϯ 0.3 M) Ͼ PTX (27.1 Ϯ 1.8 M) (fipronil vs. dieldrin, P ϭ 0.45742; fipronil vs. PTX, P ϭ 0.00089; dieldrin vs. PTX, P ϭ 0.00212). Both PTX and fipronil had fully reversible inhibitory actions (for 10 M PTX: P ϭ 0.173, Z ϭ 1.363, n ϭ 14; for 10 M fipronil: P ϭ 0.735, Z ϭ 0.34, n ϭ 8), whereas dieldrin-induced inhibition was only partially reversible (for 10 M dieldrin: P ϭ 0.012, Z ϭ 2.52, n ϭ 8). Bicuculline, which is known to block vertebrate GABA A receptors, had no effect on GABA-induced currents at a concentration of 100 M (data not shown), which is consistent with previous reports in the literature concerning insect GABA receptors.
Taken together, these results argue in favor of the existence of typical insect RDL-like GABA-gated receptors in AL cells. However, since PTX failed to produce complete inhibition of the GABA-induced currents and because both RDL and LCCH3 subunits are expressed in AL cells, the existence of PTX-insensitive heteromeric RDL/LCCH3 receptors cannot be dismissed. FIG. 3. Concentration-response curves of GABAergic agonists muscimol (black curve) and 4-amino-cis-butenoic acid (CACA, gray curve). A: peak current amplitude induced by each agonist was normalized to the maximum elicited current (GABA, 1 mM). Mean values Ϯ SE are plotted (n ϭ 5-15 per point). The smooth line represents the best fit to the data. The EC 50 and Hill coefficient values were estimated according to the Hill equation. B: currents are elicited by the application of either GABA, CACA, or muscimol (pulse duration 2 s, holding potential Ϫ110 mV). Quantification of the peak current amplitudes indicates that the application of 1 mM CACA or Muscimol induced respectively 58 Ϯ 6% (n ϭ 5) and 83 Ϯ 2.7% (n ϭ 9) of the 1 mM GABA-induced current. Plotted are the normalized mean peak current amplitudes (relative to the 1 mM GABA-induced current). *P Ͻ 0.001 represents significant differences with 1 mM GABA; **P Ͻ 0.05 represents significant difference between 1 mM CACA and 1 mM muscimol. 
Relative ion permeabilities
The recordings obtained at different holding potentials (between Ϫ110 and ϩ40 mV, 10 mV-step increments) showed that depolarization reduced the maximum peak current amplitude (Fig. 5A) . In standard saline (154 mM Cl Ϫ ), GABA-induced currents were inward for holding potentials more negative than Ϫ20 mV (Fig. 5A) , which is a classic feature of chloride-selective insect GABA receptors.
Using a linear regression method, the reversal potential of the GABA-induced current was estimated at Ϫ24.1 Ϯ 1.4 mV (n ϭ 5), more positive than the predicted Nernst potential for chloride under these conditions (E Cl ϭ Ϫ44.4 mV). However, similar observations were described in previous reports on pupal honeybee AL cells (Barbara et al. 2005 ) and this apparent discrepancy could result from the activity of Na
Ϫ or Na ϩ /Cl Ϫ cotransporters importing chloride in AL cells and thereby increasing the intracellular chloride concentration (Rocha-Gonzalez et al. 2008) . Moreover, decreasing the chloride concentration by replacing 130 mM NaCl by 130 mM Na-D-gluconate (to be under isomolar conditions for chloride on both sides of the plasma membrane) shifted the reversal potential to 1.3 Ϯ 1.4 mV (n ϭ 7), indicating that chloride is the main ion involved in the GABA-induced currents. 
Modulation by calcium
Previous works performed on cockroach DUM neurons and honeybee MB Kenyon cells reported that invertebrate GABA receptors might be modulated by intracellular calcium (Alix et al. 2002; Grü newald and Wersing 2008) . To investigate a possible influence of the intracellular calcium concentration on GABA-induced currents in honeybee AL cells, these currents were monitored in three intracellular conditions: a "high-calcium" (1 mM Ca 2ϩ ; free [Ca 2ϩ ] i ϭ 155 nM); a "medium-calcium" (0.5 mM Ca 2ϩ ; free [Ca 2ϩ ] i ϭ 73.5 nM); and a "low-calcium" configuration (0.2 mM Ca 2ϩ ; free [Ca 2ϩ ] i ϭ 28.5 nM). In the "high-calcium" configuration, the mean peak amplitude of the maximum GABA-induced current was Ϫ197.8 Ϯ 27.2 pA (n ϭ 7), with a reversal potential of 1.3 Ϯ 1.4 mV (Fig. 6B) . Interestingly, shifting the intracellular calcium concentration from 1 to 0.2 mM caused a significant decrease of the mean peak amplitudes of the GABA-induced current (n ϭ 7, P ϭ 0.02424) without any significant modification of the reversal potential (6.7 Ϯ 0.8 mV, n ϭ 4) (Fig.  6A) . Lowering the intracellular calcium concentration to 0.2 mM induced a significant 60% decrease in the mean maximum 1 mM GABA-induced currents (Ϫ79 Ϯ 16.3 pA, n ϭ 4; Fig.  6C ) and led to a twofold shift in GABA affinity (Fig. 7) . A significant 40% decrease of the mean peak amplitude of the GABA-induced current (n ϭ 7, P ϭ 0.04928) was also observed when shifting the intracellular calcium concentration from 1 to 0.5 mM (Ϫ118 Ϯ 34.4 pA, n ϭ 7, Fig. 6 ). Again, the reversal potential was unchanged (5.6 Ϯ 1.3 mV, n ϭ 7). Based on these data, a significant correlation was observed between the intracellular calcium concentration and the amplitude of GABA-induced currents (R 2 ϭ 0.327, P ϭ 0.00971). Taken together, these results suggest that intracellular calcium might participate in the regulation of GABA-induced currents in honeybee AL cells.
D I S C U S S I O N
In this study, we show that adult honeybee AL cells express functional GABA-gated chloride channels. These data support immunohistochemical reports indicating GABAergic immunoreactivity within local interneurons of the adult honeybee AL (Bicker 1999) . Most of the recorded AL cells responded to GABA and GABA-gated receptor agonists with a fast inward current. Moreover, single-cell RT-PCR analysis coupled to patch-clamp indicated that these GABAinduced currents potentially rely on the expression of two GABA-receptor subunits, RDL and LCCH3, which possibly associate to form homo-and/or heteromeric receptors. A pharmacological study of these receptors showed that they could be activated by the GABA-receptor agonists CACA FIG. 6. Intracellular calcium modulates GABA-induced currents. Reversal potential determination of GABA-induced currents in saline solutions containing different calcium concentrations. A: the GABA-induced currents reversed at 1.3 Ϯ 1.4 mV (n ϭ 7) for 1 mM intracellular Ca 2ϩ . For 0.2 and 0.5 mM intracellular Ca 2ϩ , the reversal potential shifted to 6.7 Ϯ 0.8 mV (n ϭ 4) and 5.6 Ϯ 1.3 mV (n ϭ 7), respectively. Mean values Ϯ SE are plotted. B: examples of GABA-induced currents recorded at membrane potentials from Ϫ110 to ϩ30 mV (pulse duration 2 s, 10 mV-step increments). C: quantification of the peak current amplitudes (pulse duration 2 s, holding potential Ϫ110 mV) indicates that the application of 1 mM GABA in the presence of 0.2 or 0.5 mM Ca 2ϩ induced 39.9 Ϯ 8.2% (n ϭ 4) and 59.6 Ϯ 17.4% (n ϭ 7), respectively, of the 1 mM GABA-elicited current in the presence of 1 mM Ca 2ϩ . Plotted are the normalized mean peak current amplitudes (relative to the 1-mM GABA-induced current in the presence of 1 mM Ca 2ϩ ). The asterisk indicates significant differences with 1 mM intracellular calcium solution (*P Ͻ 0.05). and muscimol, which both proved to be partial agonists, with the following affinity ranking order: GABA Ն muscimol Ͼ CACA. In addition, these GABA-induced currents were also blocked by GABA-receptor antagonists with the following efficacy ranking order: fipronil Ն dieldrin Ͼ PTX. No inhibition was observed when applying a saturating 1 mM dose of the vertebrate GABA A antagonist bicuculline (data not shown), which is consistent with classic insect GABAreceptor properties. Taken together, these results argue in favor of a typical RDL-like GABA-gated receptor. Interestingly, our results also point out that these GABA-induced currents are modulated by calcium, since their amplitude increases with the intracellular calcium concentration.
Comparison between GABA receptors from pupal honeybee AL cells, pupal honeybee Kenyon cells, and adult honeybee AL cells
Honeybee GABA-gated receptors have previously been described in pupae both in antennal lobes (Barbara et al. 2005) and in MB Kenyon cells (Grü newald and Wersing 2008), where they displayed similar pharmacological profiles. Although their GABA sensitivities are different, with EC 50 of 47.7 M for pupal Kenyon cells and 285 M for pupal AL neurons, respectively, both have muscimol and CACA for agonists. Both were also found to be inhibited by PTX, but not by bicuculline (Fig. 8) . Here, we show that comparable GABA receptors exist in adult honeybee AL cells, where they display similar pharmacological properties (summarized in Fig. 8 ), although they are more sensitive to GABA (EC 50 ϭ 12.3 M). Like their pupal counterparts, they are activated by muscimol and CACA (partial agonist only) and inhibited by PTX, fipronil, and dieldrin but not by bicuculline. Even though GABA-receptor properties from adult honeybee MB Kenyon cells still remain to be characterized, these pharmacological similarities argue in favor of GABA receptors sharing a comparable molecular composition all over the neuropiles of the olfactory pathway in the honeybee brain.
Pharmacology of insect GABA receptors and subunit composition
As in vertebrates, the pharmacology of insect GABA receptors is mainly determined by their subunit composition . Among the 21 members of the LGIC superfamily found in the honeybee genome, three are known to be orthologs to Drosophila GABA-gated ion channel subunits RDL (resistant to dieldrin, 69% identity with Amel_RDL), FIG. 7. Decreasing the intracellular calcium concentration ([Ca 2ϩ ] i ) induces a shift in GABA affinity. GABA concentration-response curves in low and high intracellular calcium conditions. Peak current amplitude induced by each concentration (pulse duration 2 s, holding potential Ϫ110 mV) was normalized to the maximum elicited current (GABA, 1 mM). Mean values Ϯ SE are plotted (n ϭ 4 -12 per point). The smooth line represents the best fit to the data. The EC 50 and Hill coefficient values were estimated according to the Hill equation. GRD (GABA and glycine-like receptor of Drosophila, 52% identity with Amel_GRD), and LCCH3 (ligand-gated chloride channel homologue 3, 71% identity with Amel_LCCH3) (Jones and Sattelle 2006) . In this work, we show that although all of them are expressed in the honeybee brain, only RDL and LCCH3 expression can be detected in studied AL cells, suggesting that both homomeric and/or heteromeric GABA receptors could potentially be found in the same cells. This is consistent with a recent report demonstrating the coexpression of RDL and LCCH3 in the Drosophila antennal lobe cells using in situ mRNA hybridization (Okada et al. 2009 ). The authors showed that both RDL and LCCH3 (as well as the metabotropic receptor GABA B -R2) are expressed in local interneurons and projection neurons in an overlapping manner, which could enhance the cells' flexibility toward incoming stimuli. Again, these results raise the questions 1) whether coexpressed RDL and LCCH3 form homo-and/or heteromultimers and 2) whether they are localized in different areas within the same cells (i.e., presynaptic and postsynaptic sites). However, characterization of the GABA-induced currents recorded in AL cells revealed the pharmacology of a typical native bicuculline-insensitive RDL-like insect GABA receptor (Buckingham et al. 1994 . Thus GABA receptors in the ALs seem to be mainly homomeric RDL complexes. However, the existence of a receptor based on the heteromeric association of RDL and LCCH3 cannot be discarded because PTX failed to produce total inhibition of GABA-induced currents, although this type of complex should be considered as rare. Although most native insect GABA receptors reported in the literature share the same RDL-like pharmacology, coexpression of different subunits in heterologous systems has proved that the existence of heteromeric associations is plausible. Interestingly, coexpression of Drosophila RDL and LCCH3 in sf21 cells has been shown to yield PTX-insensitive and bicuculline-sensitive receptors, whereas homomeric RDL receptors are PTX sensitive and bicuculline insensitive, thereby attributing PTX sensitivity to the RDL subunit and bicuculline sensitivity to LCCH3 (Zhang et al. 1995) . Therefore a marginal form of heteromeric RDL/LCCH3 PTX-insensitive bicuculline-sensitive receptors could coexist with predominant RDL homomers in ALs, although no significant bicuculline sensitivity was observed here. Coexpression of Drosophila subunits GRD and LCCH3 in Xenopus oocytes was also shown to yield functional GABA-gated channels activated by muscimol, TACA (trans-4-aminocrotonic acid), and CACA, and inhibited by PTX but not bicuculline and dieldrin, although those were found to be cation selective (Gisselmann et al. 2004) . So far, functional coexpression of RDL with GRD has not been reported. Interestingly, we observed a desensitization of GABA-induced currents in AL cells, whereas RDL-like receptors expressed in Xenopus oocytes were reported not to desensitize (ffrench-Constant et al. 1993) . This difference in channel kinetics could rely on the expression of accessory proteins associated with GABA receptors in AL cells but not in oocytes (and reciprocally). A typical example is the GABA-receptor-associated protein, which is known to interact with GABA A receptors and modulate their ion channel kinetics (Chen and Olsen 2007) .
Taken together, these data underline the fact that GABA receptors in the ALs mainly belong to the classic native insect RDL-like GABA-receptor subtype. However, this majority form could also coexist with a minority receptor type based on the heteromeric association of subunits RDL and LCCH3.
GABA network and inhibitory transmission
Insect GABA receptors containing RDL subunits have been shown to mediate fast inhibitory synaptic transmission in Drosophila melanogaster neurons (Lee et al. 2003) . This inhibitory process is known to be of critical importance in odor coding in the antennal lobe of the honeybee Apis mellifera, since the application of picrotoxin abolishes olfactory information processing (Sachse and Galizia 2002; Stopfer et al. 1997) . Here, we bring evidence that RDL is indeed expressed in the antennal lobe neurons of the adult honeybee, showing that inhibitory synaptic transmission in the antennal lobes could very well rely on homomeric RDL GABA-gated receptors. However, Sachse and Galizia (2002) reported that application of picrotoxin did not completely abolish the odor response in bees, suggesting that at least two inhibitory networks-picrotoxin-sensitive and picrotoxin-insensitive-could coexist.
Because various chloride channels are targeted by picrotoxin, this parallel inhibitory network could rely on picrotoxininsensitive GABA receptors, but could also involve neurotransmitters other than GABA such as glutamate or histamine, which have been described to act as inhibitory neurotransmitters in the honeybee brain (Barbara et al. 2005; El Hassani et al. 2008; Sachse et al. 2006) . As discussed earlier, because both RDL and LCCH3 are expressed in AL cells and because Drosophila subunits RDL and LCCH3 have been shown to coassemble in heteromeric picrotoxin-insensitive and bicuculline-sensitive complexes when coexpressed in sf21 cells (Zhang et al. 1995) , a second PTX-insensitive GABA-gated receptor made of the heteromeric association of both subunits could be expressed in the antennal lobe cells. Previous studies performed in Drosophila reported the existence of both GABA-and glutamate-gated receptors, raising the hypothesis that hybrid GABA/glutamate receptors might take part in inhibitory transmission (Ludmerer et al. 2002) . However, in our hands, cross-desensitization of GABA and glutamate receptors could not be observed, excluding the presence of this kind of hybrid receptor in AL cells (data not shown). Since no histamine-gated chloride channels could be found in pupal AL neurons (Barbara et al. 2005) , we believe that glutamate-gated chloride channels, which have proved to be of critical importance in olfactive memory processes in the honeybee (El Hassani et al. 2008) , would constitute the most convincing parallel inhibitory network within the olfactory pathway.
Modulation by calcium: a common feature of insect GABA receptors?
Interestingly, our data point out the influence of the intracellular calcium concentration on the GABA-induced currents: decreasing the internal calcium concentration induced a significant reduction in peak current amplitude. This result is in accordance with previous studies on cockroach DUM neurons and pupal honeybee Kenyon cell GABA receptors, indicating that modulation by calcium could be a common feature of insect GABA-gated chloride channels (Alix et al. 2002; Grünewald and Wersing 2008) . Both studies underline the implication of Ca 2ϩ -dependent phosphorylation cascades rely-ing on protein kinases (CaMKII in the case of cockroach DUM neurons). Since honeybee GABA-receptor subunits were described to possess multiple phosphorylation sites within the cytoplasmic loop linking transmembrane domains M3 and M4 (Jones and Sattelle 2006) , they could be modulated by phosphorylation, through either changes in receptor activity or receptor maintenance at the plasma membrane as described in cockroach (Watson and Salgado 2001) . Moreover, because the effects of phosphorylation on vertebrate GABA A receptors have been shown to depend on the subunit composition (McDonald et al. 1998 ) and because we show molecular and pharmacological evidence that honeybee AL cell GABA receptors are predominantly RDL-made, we formulate the hypothesis that RDL-like insect GABA receptors are positively regulated by Ca 2ϩ -dependent phosphorylation processes.
Increases in intracellular calcium and synaptic plasticity
Recently, a behavioral study performed on honeybees demonstrated that increases in intracellular calcium during olfactory conditioning are critical for the formation of long-term olfactory memory (Perisse et al. 2009 ). Although this impact of calcium on memory formation was attributed to de novo protein synthesis, it could also rely on the Ca 2ϩ -dependent phosphorylation of preexisting ionotropic neurotransmitter receptors as reported in vertebrates (Santos et al. 2009; Swope et al. 1999) . Since GABA-gated receptors are known to be involved in olfactive memory formation in the honeybee (El Hassani et al. 2008 ), these observations raise the question of the impact of their regulation through Ca 2ϩ -dependent phosphorylation processes. In vertebrates, phosphorylation/dephosphorylation processes are currently regarded as a major mechanism for potentiating or depressing the activity of GABA A receptors and thereby modulating synaptic plasticity (Raymond et al. 1993; Swope et al. 1999 ) and numerous GABA Areceptor intracellular regulatory mechanisms involve Ca 2ϩ -related proteins such as calmodulin-dependent protein kinase II (CaMKII), protein kinase C (PKC), or calcineurin (Huang et al. 1998; Krishek et al. 1994; Swope et al. 1999) . Therefore besides its positive impact on protein synthesis, calcium could also participate in synaptic plasticity in the honeybee brain through the phosphorylation of ligand-gated ion channels such as, for example, GABA receptors.
Further experiments will be required to elucidate the mechanisms underlying Ca 2ϩ -related activation and to identify the protein kinases involved in a possible receptor phosphorylation process. Altogether, our data support a major role for homomeric RDL and possibly heteromeric RDL/LCCH3 GABA receptors in synaptic inhibitory transmission in the antennal lobe. Exploring potential parallel inhibitory networks relying on glutamate-gated receptors or hybrid GABA/glutamate receptors generates questions that will need to be addressed. 
